Background: We aimed to investigate the menstrual cycle variation and the gender difference of the triceps surae muscle stiffness and passive stiffness of the ankle joint. Methods: The subjects of the study included 12 healthy young women and 12 healthy young men. Shear elastic moduli of the lateral gastrocnemius, medial gastrocnemius, and soleus muscles were measured as an index of muscle stiffness using shear wave elastography. The passive stiffness of the ankle joint was calculated from passive torque when the ankle joint was passively dorsiflexed. Measurements were conducted in the follicular, ovulatory, and luteal phases to examine the menstrual cycle variation. Findings: There was no difference noted in the passive stiffness or triceps surae muscle stiffness for young women in the menstrual cycle. As for gender differences, passive stiffness in all menstrual phases in women was lower while the soleus muscle stiffness in women was higher, compared to that in men. Interpretation: Our findings suggest that passive stiffness and muscle stiffness did not differ in the menstrual cycle. In addition, the measured part of the soleus was more tensioned in women than in men.
Introduction
Muscle-tendon complex stiffness is related to stretch-shortening cycle and is a major contributor of rapid force produced during dynamic movement (Secomb et al., 2015) . Therefore, it is necessary to clarify the factors affecting the muscle-tendon stiffness in order to improve the physical performance.
The menstrual cycle is known to be one of the factors affecting joint laxity in women. It has been reported that joint laxity varies during the menstrual cycle and it was greater in the ovulatory phase when the estrogen concentration rises (Zazulak et al., 2006) . In addition, a previous study which examined the effect of the menstrual cycle on physical performance reported that the jumping performance was higher in the follicular phase when the estrogen level is low (Giacomoni et al., 2000) . These previous studies suggest that the mechanical property of the muscle-tendon complex could change during the menstrual cycle. Although some reports which examined tendon stiffness, calculated from the displacement of the intersection of the gastrocnemius fascicle and aponeurosis during isometric contraction, indicated no differences in tendon stiffness during the menstrual cycle (Burgess et al., 2009; Kubo et al., 2009) , it is unclear if there are any differences in muscle stiffness during the menstrual cycle. A previous report indicated that the ankle joint is the largest energy generator among the lower extremity joints, particularly, for jumping performance (Stefanyshyn and Nigg, 1998) . Therefore, clarifying the effects of the menstrual cycle on muscle stiffness of the triceps surae and the passive stiffness of the ankle joints is important in order to apply interventions to achieve improved jumping performance.
Gender difference is also considered as a factor affecting soft tissue stiffness (Kubo et al., 2003) . A previous study demonstrated that passive stiffness, which was calculated from passive torque when the ankle joint was passively dorsiflexed, was lower in women than in men (Chino and Takahashi, 2016) . On the other hand, no gender-associated differences in stiffness of the medial gastrocnemius (MG) muscle have been reported, when measured using shear wave elastography (Chino and Takahashi, 2016) . However, the previous study did not investigate the muscle stiffness of the lateral gastrocnemius (LG) and soleus muscles and the menstrual cycle variation. Consequently, it is expected that gender difference of passive stiffness may be affected by muscle stiffness of any constitutional muscle of triceps surae other than MG muscle https://doi.org/10. 1016 /j.clinbiomech.2018 .12.013 Received 22 February 2018 Accepted 17 December 2018 or by the menstrual cycle variation of muscle stiffness in women. Therefore, it is necessary to investigate the gender differences in muscle stiffness with consideration of the menstrual cycle.
In recent years, shear wave elastography is noted as a reliable method to evaluate the muscle stiffness in vivo (Eby et al., 2013; Maisetti et al., 2012) . This method can quantitatively evaluate the soft tissue stiffness by calculating the velocity of shear wave generated by applying acoustic radiation force to the tissue using the ultrasound (Hug et al., 2015) . In addition, most of the studies which investigate the mechanical properties of the muscle tendon complex using an ultrasound imaging have focused on the triceps surae muscle. Therefore, we evaluated the stiffness of the triceps surae as representative of skeletal muscle using shear wave elastography. The aim of this study was twofold: first, to investigate the effects of the menstrual cycle on triceps surae stiffness and ankle passive stiffness, and second, to examine gender difference in these variables. We hypothesized that the passive stiffness and muscle stiffness in the ovulatory phase in women is lower than that in men.
Methods

Participants
The subjects of this study included 12 healthy young women [age, 24.2 (3.5) years; height, 158.9 (6.0) cm; weight, 51.7 (5.7) kg] and 12 healthy young men [age, 24.3 (2.7) years; height, 173.4 (6.2) cm; weight, 67.2 (7.2) kg] who do not perform regular exercise. Based on a previous study (Karageanes et al., 2000) , the inclusion criteria for women were defined as follows: (i) no missed menstrual cycles in six months, including the study period; (ii) normal and consistent duration of menses (4-7 days); (iii) normal and consistent menstrual cycle (26-30 days between menses); (iv) no history of oral birth contraceptive pill use; (v) menarche more than one year ago. Written informed consent was obtained from all participants. This study was approved by the ethics committee of the Kyoto University Graduate School and the Faculty of Medicine (R0266-1).
Experimental protocol
The menstrual cycle was classified into the follicular, ovulatory, and luteal phases (1-9 days, 10-14 days, and 15-28 days from the first day of menses, respectively) based on the previous study by Karageanes et al. (2000) . For women, the triceps surae muscle stiffness and the passive stiffness of the ankle joint were measured in three phases, which were adjusted in the central day of each phase (5, 12, 21 days from the first day of menses, respectively) as possible. The measurements and the management of the menstrual cycle were conducted by another researcher, and the examiner of the muscle stiffness and passive stiffness was blinded to the menstrual cycle of the subjects. The measurements were performed once in the men.
Measurement of passive stiffness
The subjects laid on a Biodex System 4 dynamometer (Biodex, New York, USA) with the knee in full extension and the ankle joint securely attached to the footplate of the dynamometer. They were instructed to remain relaxed during the measurements. The footplate of the dynamometer was moved to 25°of dorsiflexion with a velocity of 5°/s. The passive torque generated in the direction of ankle plantarflexion during passive ankle dorsiflexion was measured. The slope of the portion of the passive torque-angle curve from 15°to 25°of ankle dorsiflexion was defined as passive stiffness (Kubo et al., 2001) . Passive stiffness was measured once after preparation by moving the ankle once in the entire range of motion, using the same procedure as for measurement. The footplate being perpendicular to the fibula was defined as the 0°dorsiflexion of the ankle joint. To assess the inter-day reliability of the measurements, eight young males were subjected to the same procedures on different days. The intra-class correlation coefficient (ICC) (1.1) and the coefficient of variation (CV) for the measurements of the passive stiffness were 0.93 and 9.3%, respectively.
Measurement of muscle stiffness and architecture
As an index of the muscle stiffness, the shear elastic modulus was measured using an Aixplorer ultrasonic shear wave elastography imaging device, ver. 5 (Supersonic Imagine, Aix-en-Provence, France) with a SL10-2 linear array probe (Supersonic Imagine, Aix-en-Provence, France). The size of the region of interest was 10 × 20 mm 2 and set near the center of each muscle. The measurements were performed by an examiner with at least 1 year of experience. The shear elastic modulus (μ) was calculated using the following formula:
where Vs is the shear wave velocity, and ρ is the muscle mass density (1000 kg/m 3 ) (Hobbie and Roth, 2007) . The analysis area was a 5-mmdiameter circle at the center of the region of interest. The high shear elastic modulus value indicates that the muscle is stiffer.
The target muscles for the measurements were the LG, MG, and the lateral side of the soleus muscles (Fig. 1) . The location of measurement was at the proximal level of 30% of the lower leg length from the popliteal crease to the lateral malleolus. The subjects laid on a Biodex System 4 dynamometer (Biodex, New York, USA) with the knee in full extension and the ankle joint securely attached to the footplate of the dynamometer. They were instructed to remain relaxed during the measurements, and muscle stiffness was measured once. Ultrasound images were recorded along the longitudinal axis of the muscle at 20°a nkle dorsiflexion and the metatarsophalangeal joint at 0°dorsiflexion. In our previous study, high inter-day reliability was shown in shear elastic moduli measurements (Saeki et al., 2017) .
The pennation angle of the muscles was analyzed using ultrasound B-mode images taken during shear elastic modulus measurement. The angle at which the fascicles arose from the deep (LG and MG) or superficial (soleus) aponeuroses was measured using open-source image analysis software (Image J, NIH, Bethesda, MD) (Kawakami et al., 1998) .
Ultrasound images were captured thrice per muscle, and the mean value of the three images was used for further analysis. To assess the inter-day reliability of the pennation angle measurements, eight young males were subjected to the same procedure on different days. The ICCs (1.3) for the measurement of the pennation angle were 0.78 for LG, 0.87 for MG, and 0.94 for SOL. The CV was 6.6% for LG, 5.3% for MG, and 6.5% for SOL.
Statistical analysis
Descriptive data are presented as the mean (SD). The Kolmogorov-Smirnov test was used to confirm the normal distribution. When the normal distribution is confirmed, a one-way repeated measures analysis of variance (ANOVA) with Bonferroni's test was used to examine the differences in the muscle stiffness, passive stiffness and pennation angle caused by the menstrual cycle. In addition, one-way ANOVA with Dunnett's test was used to examine the gender differences in the muscle stiffness, passive stiffness and pennation angle. Statistical analyses were performed using a statistical software (SPSS Statistics 22, IBM Japan, Japan). The statistical significance was set at p < 0.05.
Results
Measurements in the follicular, ovulatory, and luteal phases in women were performed on 3.8 (0.8) days, 12.8 (0.9) days, and 21.2 (1.5) days from the first day of menstruation, respectively. None of the measurement dates were more than two days away from a central day of each period.
ANOVA showed that the menstrual cycle had no main effect in passive stiffness (Partial η2 was 0.01, p > 0.05) (Fig. 2) . Moreover, the menstrual cycle had no main effect in measurement of LG (Fig. 3) , MG (Fig. 4) , and soleus (Fig. 5 ) muscle stiffness (partial η2 values were 0.06 for LG, 0.08 for MG, and 0.11 for soleus; p > 0.05).
Gender differences showed a significant main effect in passive stiffness (η2 was 0.28, p < 0.01) (Fig. 2) . Multiple comparison tests showed that passive stiffness values in each phase of the menstrual cycle were significantly lower than in men (p < 0.01). Although there were no gender differences in LG and MG muscle stiffness (η2 values were 0.05 for LG and 0.02 for MG; p > 0.05) (Figs. 3 and 4) , there was a significant main effect in measurement of soleus muscle stiffness (η2 was 0.31, p < 0.01) (Fig. 5) . Multiple comparison tests showed that soleus muscle stiffness in each phase of the menstrual cycle was significantly greater than in men (p < 0.01). The pennation angles are shown in Table 1 . The menstrual cycle showed no main effect in pennation angle measurements (partial η2 values were 0.10 for LG, 0.06 for MG, and 0.01 for soleus; p > 0.05). Although there were no gender differences in the LG and MG pennation angles (η2 values were 0.12 for LG, and 0.02 for MG; p > 0.05), there was a significant main effect in the soleus pennation angle (η2 was 0.23, p < 0.01). Multiple comparison tests showed that the soleus pennation angle in each phase of the menstrual cycle was significantly larger than in men (p < 0.05).
Discussion
We investigated the menstrual cycle variation and gender difference of the triceps surae muscle stiffness and the ankle passive stiffness. The present study revealed that 1) there was no difference in the passive stiffness or the muscle stiffness during the menstrual cycle of young women and 2) lower passive stiffness and higher soleus muscle stiffness were observed in young women than in young men. To the best of our knowledge, this is the first study investigating the menstrual cycle variation and the gender differences in the stiffness of each triceps surae muscle.
The present study showed that there were no differences between menstrual cycle in the passive stiffness or stiffness in any of the triceps surae muscles among young women. The results were inconsistent with our hypothesis that passive stiffness and muscle stiffness decrease in the ovulatory phase when the estrogen level is high. However, the results of this study partially supported the result of a previous study that there was no difference among menstrual cycle in tendon stiffness calculated from the displacement of the intersection of the gastrocnemius fascicle and the aponeurosis during isometric contraction (Burgess et al., 2009; Kubo et al., 2009) . As for the influence of menstrual cycle on the laxity of the ligament, a previous study reported that the anterior drawing distance of the tibia as an index for the laxity of the anterior cruciate ligament is greatest in the ovulatory phase when the estrogen level is high (Zazulak et al., 2006) . The increase in the ligament laxity in the ovulatory phase may be due to decreased collagen concentration, which could be caused by the estrogen affecting the collagen metabolism in the ligament tissue (Liu et al., 1997; Yu et al., 1999) . In addition, previous anatomical studies reported that the collagen content in the anterior cruciate ligament was as high as 80.3% (Amiel et al., 1984) while the collagen content of soleus was only 1.1% (Haus et al., 2007) . Our findings suggest that passive stiffness and muscle stiffness did not differ in the menstrual cycle probably because of low collagen concentration in the muscle.
The results of this study showed that there were no significant differences in the muscle stiffness of the LG and the MG between men and women, which supported the previous studies that no gender difference was observed in the MG stiffness measured at 20°of ankle dorsiflexion (Chino and Takahashi, 2016) . The present study indicated that the soleus stiffness in women was higher than in men. This result is inconsistent with the previous study that shear elastic modulus of soleus muscle in women measured at 20°of ankle plantarflexion was lower than that in men (Akagi et al., 2015) . It is considered that the inconsistency with our study was due to the difference in the ankle joint angle during measurement of soleus muscle stiffness. The ankle angle corresponding to the muscle length beyond which the soleus muscle begins to develop a passive force (slack angle) is 2.0 (4.8)°of ankle dorsiflexion (Hirata et al., 2015) . In the present study, the muscle stiffness was measured at 20°of ankle dorsiflexion when the muscle may be under tension. However, in the previous study, the muscle stiffness was measured at 20°of plantarflexion when the muscle may not be tensioned. Therefore, it is considered that the gender differences in soleus muscle stiffness may be influenced by the presence or absence of tension in the muscle during measurements.
The pennation angle of the soleus was smaller in women than in men. This finding may account for the gender difference in soleus muscle stiffness. The change in muscle length was estimated from the value obtained by multiplying the change in fascicle length by the cosine of the pennation angle (Kawakami et al., 1998) . Thus, when the muscles are stretched, the change in fascicle length is greater for those with a smaller pennation angle. It is therefore likely that the soleus muscle in women might be more tensioned at 20°ankle dorsiflexion than in men.
Our result that the passive stiffness of ankle joint in women was lower than that in men was consistent with the results in the previous study (Chino and Takahashi, 2016) . Passive stiffness has been reported to be correlated with muscle volume (Chleboun et al., 1997) and is greatly affected by tissues crossing the joints such as the tendons, capsule, or ligaments (Johns and Wright, 1962; Kubo et al., 2001) . The results of our study may be influenced by the fact that muscle volume and tendon stiffness have been reported to be lower in women (Abe et al., 2003; Kubo et al., 2001) . Thus, passive stiffness of the ankle was lower in women because of the factors mentioned.
There are some limitations in this study. First, as we did not measure hormone concentrations of the blood, the menstrual cycle could not be strictly classified. However, all female subjects maintain a normal menstrual cycle (i.e., from 26 to 30 days), and none of the measurement dates were more than two days away from the central day of each phase. Therefore, it is considered that each phase of the menstrual cycle was unified as much as possible. Second, shear elastic modulus distribution is inhomogeneous throughout the entire muscle (Le Sant et al., 2017) . In addition, because the gender difference of the pennation angle varies by the part of the muscle (Chow et al., 2000) , it is impossible to declare whether the result of muscle stiffness in this study can be applied to all parts of the muscles. Third, we did not record the EMG during evaluation of muscle stiffness because the location of the EMG electrode overlapped with that of the ultrasonic probe. However, we determined that the muscle remained inactive during measurements in this study, even when compared with the values in previous studies (Kubo et al., 2001; Saeki et al., 2017) . Finally, we chose the triceps surae as representative of skeletal muscle to examine the mechanical properties of the muscle-tendon complex. However, it is unclear whether other muscles are affected during the menstrual cycle. Future study is necessary to investigate stiffness in other muscles (e.g., hamstrings), and whether the measurement site of muscle stiffness is affected by gender differences.
Conclusion
We investigated the menstrual cycle variation and gender difference of the ankle passive stiffness and the triceps surae muscle stiffness. The results showed that there was no difference in the passive stiffness or stiffness in any of the triceps surae muscles during the menstrual cycle. In addition, the passive stiffness in women was lower while the soleus muscle stiffness in women was higher than in men. LG: lateral gastrocnemius; MG: medial gastrocnemius; SOL: soleus. ⁎ There was a significant difference compared to men (p < 0.05). ⁎⁎ There was a significant difference compared to men (p < 0.01).
